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BACKGROUND: Certain perfluoroalkyl and polyfluoroalkyl substances (PFAS) are widespread, persistent environmental contaminants. Prenatal PFAS
exposure has been associated with lower birth weight; however, impacts on body composition and factors responsible for this association are
unknown.

OBJECTIVES: We aimed to estimate associations between maternal PFAS concentrations and offspring weight and adiposity at birth, and secondarily
to estimate associations between PFAS concentrations and maternal glucose and lipids, and to evaluate the potential for these nutrients to mediate
associations between PFAS and neonatal outcomes.
METHODS: Within the Healthy Start prospective cohort, concentrations of 11 PFAS, fasting glucose, and lipids were measured in maternal mid-
pregnancy serum (n=628). Infant body composition was measured using air displacement plethysmography. Associations between PFAS and birth
weight and adiposity, and between PFAS and maternal glucose and lipids, were estimated via linear regression. Associations were decomposed into
direct and indirect effects.

RESULTS: Five PFAS were detectable in >50% of participants. Maternal perfluorooctanoate (PFOA) and perfluorononanoate (PFNA) concentrations
were inversely associated with birth weight. Adiposity at birth was approximately 10% lower in the highest categories of PFOA, PFNA, and perfluor-
ohexane sulfonate (PFHxS) compared to the lowest categories. PFOA, PFNA, perfluorodecanoate (PFDeA), and PFHxS were inversely associated
with maternal glucose. Up to 11.6% of the effect of PFAS on neonatal adiposity was mediated by maternal glucose concentrations. Perfluorooctane
sulfonate (PFOS) was not significantly associated with any outcomes studied.
CONCLUSIONS: Follow-up of offspring will determine the potential long-term consequences of lower weight and adiposity at birth associated with pre-
natal PFAS exposure. https://doi.org/10.1289/EHP641

Introduction
Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are wide-
spread and persistent environmental contaminants detected in
many populations worldwide, including among pregnant women
and infants (Cariou et al. 2015; Jiang et al. 2014; Kato et al.
2014; Manzano-Salgado et al. 2015; Okada et al. 2013). PFAS
have been used for decades in industrial and commercial applica-
tions, including surface treatments for fabrics, food packaging,
and aqueous film-forming foams for extinguishing fires (Buck
et al. 2011; Prevedouros et al. 2006). The serum concentrations
of certain PFAS have declined in the United States over the past
decade (CDC 2015) following the phase out of perfluorooctane
sulfonate (PFOS) production by 3M in 2000–2002 (U.S. EPA
2000) and the listing of PFOS in Annex B of the Stockholm
Convention on Persistent Organic Pollutants in 2009 (Secretariat
of the Stockholm Convention 2010). However, other PFAS

concentrations have remained relatively constant over the same
time period (CDC 2015), suggesting that human exposure is
ongoing.

The ubiquitous presence of certain PFAS in humans is of con-
cern because animal studies have demonstrated hepatotoxicity,
immunotoxicity, and developmental toxicity resulting from high
dose exposure (Lau et al. 2007). Epidemiologic studies in a popu-
lation highly exposed to one PFAS, perfluorooctanoate (PFOA),
have shown associations between PFAS exposure and chronic
diseases, including kidney and testicular cancers (Barry et al.
2013), ulcerative colitis (Steenland et al. 2013), high cholesterol
(Steenland et al. 2009), and pregnancy-induced hypertension
(Darrow et al. 2013). Strong correlations between maternal and
cord blood PFAS concentrations suggest transfer to the fetus
from maternal circulation (Aylward et al. 2014). Maternal con-
centrations of PFOA during pregnancy have been previously
associated with lower offspring birth weight in systematic
reviews of the human evidence (Bach et al. 2015a; Johnson et al.
2014), as well an integrative assessment of human and nonhuman
animal evidence (Lam et al. 2014), but the factors responsible
for this association, if causal, have not been established.
Moreover, some recent studies have reported positive associa-
tions between maternal PFAS concentrations during pregnancy
and offspring body weight, waist circumference, and other indi-
cators of adiposity in childhood and early adulthood (Braun
et al. 2016; Halldorsson et al. 2012; Høyer et al. 2015; Mora
et al. 2017), while another study reported null associations
(Andersen et al. 2013).

Fetal growth depends on the transfer of nutrients, including
glucose, amino acids, and free fatty acids, from the mother to the
fetus (Jansson and Powell 2013). Excess maternal circulating
nutrients, as in maternal obesity and gestational diabetes,
have been associated with fetal overgrowth (macrosomia) and
greater adiposity at birth (Catalano et al. 2003; Freinkel
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1980). Overnutrition and undernutrition in utero have both
been associated with greater risk of obesity and metabolic
disease in adulthood (Baird et al. 2005; Claris et al. 2010).
Adiposity at birth may be a stronger predictor of future obe-
sity risk than birth weight alone (Catalano et al. 2009).
Therefore, it is important to examine whether environmental
exposures influence fetal growth, and, in particular, fat mass
accretion, with the goal of preventing long-term chronic dis-
ease. To our knowledge, no previous studies have examined
the association between maternal PFAS concentrations during
pregnancy and offspring adiposity at birth.

The primary objective of this study was to estimate associa-
tions between maternal serum concentrations of PFAS and off-
spring birth weight and adiposity (percent fat mass) at birth. The
secondary objectives were to estimate cross-sectional associa-
tions between maternal PFAS concentrations and fasting glucose
and lipids at mid-pregnancy. Because the pathway by which pre-
natal PFAS exposure may lead to reduced body mass at birth has
not been elucidated, we then investigated whether concentrations
of certain maternal circulating nutrients mediate associations
between PFAS concentrations and offspring weight and adiposity
at birth.

Methods

Study Design and Participants
Healthy Start is a prospective cohort study that enrolled 1,410
pregnant women from obstetrics clinics at the University of
Colorado Hospital from 2009–2014. Enrolled women were
≥16 years old with singleton pregnancies; no history of previous
stillbirth or extremely preterm birth (<25wk of gestation); no
self-reported diagnosis of diabetes, cancer, asthma managed with
steroids, or psychiatric illness; and <24wk of gestation at enroll-
ment. Participants completed two study visits during pregnancy
and one at delivery. Study procedures were approved by the
Colorado Multiple Institutional Review Board. Written informed
consent was obtained from participants prior to the first study
visit. The analysis of blinded specimens at the Centers for
Disease Control and Prevention (CDC) laboratory was deter-
mined not to constitute engagement in human subjects research.

For this analysis, we used data from a convenience sample of
652 participants selected for PFAS measurements based on avail-
ability of maternal serum collected at mid-pregnancy and umbili-
cal cord blood at delivery. We excluded preterm births, who may
have distinct determinants of adiposity (Uthaya et al. 2005), and
participants missing exposure or outcome data.

Exposure Measurement
Fasting maternal blood samples were collected during pregnancy
(median: 27th week of gestation; range: 20 to 34 wk), and serum
was separated and stored at − 80�C. Blood samples were col-
lected between 2010 and 2014. Serum samples were shipped on
dry ice to the CDC, where 11 PFAS were quantified using a mod-
ification of a previously published method (Kato et al. 2011a):
perfluorooctane sulfonamide, 2-(N-ethyl-perfluorooctane sulfona-
mido) acetate, 2-(N-methyl-perfluorooctane sulfonamido) acetate,
perfluorohexane sulfonate (PFHxS), n-PFOA, sum of branched iso-
mers of PFOA (Sb-PFOA), perfluorodecanoate (PFDeA), n-perfluor-
ooctane sulfonate (n-PFOS), sum of perfluoromethylheptane
sulfonate isomers (Sm-PFOS), sum of perfluorodimethylhexane
sulfonate isomers (Sm2-PFOS), and perfluorononanoate (PFNA).
Analytical standards, quality control (QC) materials, and reagent
blank samples were included in each batch along with study sam-
ples, and QC concentrations in each batch were evaluated using

standard statistical probability rules. Formost analytes, coefficients
of variation in a 4-month period were <10%; higher values (up to
14.9%) were obtained for the three branched isomers of PFOA and
PFOS at concentrations ranging from 0.3 to 1.5 ng/mL. Branched
and linear isomers of PFOS (n-PFOS, Sm-PFOS, Sm2-PFOS) and
PFOA(n-PFOA,Sb-PFOA)were summed toproduce total concen-
trations of PFOS and PFOA, respectively. The limit of detection
(LOD) for all PFAS was 0.1 ng/ml. For concentrations below the
LOD, we used the instrument-reported values. Values of zero were
replaced by the minimum reported concentration divided by 2 to
allow log transformation. PFAS detectable in >50% of participants
were included in this analysis.

Outcome Measurement
Birth weight was measured by clinical personnel at birth using a
calibrated scale. Neonatal body composition was measured
within 3 days of birth using the PeaPod device (COSMED). The
PeaPod uses air displacement plethysmography to estimate fat
mass and fat-free mass (e.g., bone, water, nonbone mineral, and
protein) (Urlando et al. 2003). Adiposity (percent fat mass) esti-
mates from this two-compartment model have been shown to be
highly reproducible and not to differ significantly from the refer-
ence four-compartment model (Ellis et al. 2007). Trained
research personnel conducted at least two measurements of each
infant using the PeaPod device; a third measurement was con-
ducted if the adiposity estimates differed by >2% (26% of
infants). The average of the closest two measures was used.

Other Variables
Maternal fasting plasma glucose, total cholesterol, high-density
lipoprotein (HDL) cholesterol, and triglycerides were analyzed at
the University of Colorado Hospital Clinical and Translational
Research Center using an AU400e Chemistry Analyzer
(Olympus America, Center Valley, PA, USA), using aliquots of
the same blood draw used to measure PFAS. Non-HDL choles-
terol was calculated in milligrams per deciliter by subtracting
HDL cholesterol from total cholesterol.

Information on maternal age, race and ethnicity, education,
household income, and number of previous pregnancies was
obtained via questionnaires administered at the first in-person
study visit, and current smoking was also reported at each subse-
quent visit. Maternal height was measured at the first study visit.
Maternal weight prior to pregnancy was obtained from the medi-
cal record or, if unavailable, from self-report at the first study
visit. Prepregnancy body mass index (BMI) was calculated as
weight prior to pregnancy in kilograms divided by height in
meters squared. Gestational weight gain was calculated by sub-
tracting the prepregnancy weight from the last measured weight
during pregnancy, obtained from the prenatal medical record.
Infant sex and gestational age at birth were obtained from medi-
cal records.

Statistical Analysis
Univariate distributions of all exposures, outcomes, and covari-
ates were examined to identify implausible values and assess nor-
mality. Concentrations of PFAS were categorized into tertiles for
PFOA, PFOS, and PFHxS, and above vs. at or below the median
for PFNA and PFDeA, due to limited variability. Continuous
PFAS concentrations were natural log–transformed for analysis.
Spearman correlation coefficients were estimated for each pair
of PFAS. Distributions of glucose and triglycerides were right-
skewed and were natural log–transformed, while total choles-
terol, HDL cholesterol, and non-HDL cholesterol were normally
distributed and were untransformed.
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Separate linear regression models estimated associations of
each PFAS exposure, as categories or as continuous natural log–
transformed concentrations, with the following infant outcomes:
birth weight, adiposity (percent fat mass) at birth, fat mass, and
fat-free mass at birth. The following potential confounders were
included a priori based on previously reported associations with
birth weight or adiposity, and/or for comparability with previous
studies (Darrow et al. 2013; Fei et al. 2007; Johnson et al. 2014;
Starling et al. 2015; Whitworth et al. 2012): maternal age (years),
prepregnancy BMI (kg=m2), race/ethnicity (non-Hispanic white,
non-Hispanic black, Hispanic, all others), educational level
attained (less than high school, high school or equivalent, some
college or associate’s degree, four-year college, graduate degree),
number of previous pregnancies (any vs. none), smoking during
pregnancy (any vs. none), gestational weight gain (kg), infant
sex, gestational age at birth (days), and gestational age at mater-
nal blood draw (days). Statistical interactions between each
PFAS and infant sex were evaluated by including a product term
and removing it if nonsignificant (p> 0:15). Sensitivity analyses
were conducted to examine the potential for confounding by cor-
related exposures in models for birth weight and adiposity by first
including all five continuous, natural log–transformed PFAS in a
multipollutant regression model fit by least squares, and second,
fitting a penalized regression model on the same set of variables
using elastic net regularization (Zou and Hastie 2005) with the
degree of shrinkage determined by random 10-fold cross-valida-
tion. Elastic net models were fit using PROC GLMSELECT in
SAS (version 9.4; SAS Institute Inc.)

Cross-sectional associations between maternal PFAS concen-
trations and maternal glucose and lipids were estimated using
separate linear regression models for each nutrient. Covariates
were the same as above, excluding infant sex, gestational age at
birth, and gestational weight gain.

We considered for mediation analysis those PFAS associated
with neonatal outcomes, and also with maternal circulating
nutrients previously associated with those outcomes. We decom-
posed the total effect of maternal PFAS concentration on birth
weight or adiposity into two components: the natural direct effect,
which is the effect of PFAS concentration on the neonatal out-
come that is not mediated through changes in maternal circulat-
ing nutrients, and the natural indirect effect, the effect that is
mediated through changes in maternal circulating nutrients. We
first tested for exposure–mediator interaction by evaluating
PFAS-by-nutrient interaction terms in separate models for birth
weight and adiposity. We then estimated the natural indirect
effect, natural direct effect, and total effect using an imputation-
based method implemented in the R package medflex (Steen
et al. 2017; Vansteelandt et al. 2012). In the absence of expo-
sure–mediator interaction, the total effect is equal to the sum of
the natural direct effect and the natural indirect effect. We calcu-
lated the percent mediated as the natural indirect effect divided by
the total effect × 100% (VanderWeele 2016). Statistical analyses
were conducted using SAS (version 9.4; SAS Institute Inc.) and
R (version 3.1.3; R Foundation for Statistical Computing).

Results
Among 1,410 participants enrolled in the Healthy Start cohort
study, 17 experienced fetal demise, 11 withdrew from the study,
and 83 delivered preterm infants. Of the remaining 1,299 poten-
tially eligible participants, 633 had PFAS concentrations meas-
ured in mid-pregnancy serum. For analyses with birth weight or
glucose as dependent variables, we excluded five participants
missing glucose measurements, leading to a sample size of 628
(Figure S1). For analyses with cholesterol or triglycerides as de-
pendent variables, we excluded 30 participants missing lipid

measurements, leading to a sample size of 598. For analyses of
body composition, we excluded 24 infants without body compo-
sition measurements within 3 days of birth, leading to a sample
size of 604. There was no significant difference in mean birth
weight between infants with body composition measurements
and those without (3,298 g vs. 3,267 g; t = 0:35, p=0:72). There
were no other missing data in exposures, outcomes, or covariates
of interest.

The 628 participants did not differ meaningfully in any mater-
nal characteristics from the larger Healthy Start study population
of 1,299 with term births (Table S1). The mean± standard devia-
tion age at delivery was 27:8± 6:2 y, and the mean prepregnancy
BMI was 25:8± 6:5 kg=m2 (Table 1). Approximately 44% of the
women identified as race/ethnicity other than non-Hispanic white.
Gestational diabetes was diagnosed in 27 women. Maternal char-
acteristics, including parity and race/ethnicity, varied by tertiles of
PFOA concentration.

Of the 11 PFAS measured, five were detected in >50% of
participants after summing branched and linear isomers of PFOA
and PFOS, respectively (Table S2). Concentrations were some-
what lower than the concentrations among a nationally represen-
tative sample of females 12 y old and older (Table 2). PFAS
concentrations showed moderate to high pairwise correlations,
with the greatest Spearman correlation between PFOA and
PFNA (q=0:76) (Table S3).

Certain PFAS were inversely associated with birth weight and
adiposity. There were no significant interactions between any
PFAS and infant sex in their associations with neonatal out-
comes; therefore, estimates are presented for both sexes com-
bined. In covariate-adjusted models, each ln-unit increase in
PFOA and PFNA were associated with a reduction in birth
weight (Table 3). Additionally, women in the highest categories
of PFOA and PFNA concentrations had offspring with lower
birth weight compared to the lowest categories. Birth weight was
also lower in the highest tertile of PFOS concentration compared
to the lowest tertile, although the difference did not reach statisti-
cal significance.

The highest categories of PFOA, PFNA, and PFHxS were
associated with significantly reduced offspring adiposity, rela-
tive to the lowest categories. Offspring adiposity was also
somewhat lower for each ln-unit increase in continuous PFOA
and PFHxS, although estimates were imprecise, and confi-
dence limits included the null. PFOA and PFNA (as continu-
ous variables) were inversely associated with fat mass (Table
S4). The highest categories of PFOA, PFNA, and PFHxS
were associated with reduced fat mass vs. the lowest catego-
ries. PFOS and PFDeA were not associated with birth weight
or adiposity. There were no associations between PFAS and
fat-free mass.

Certain maternal nutrients were cross-sectionally associated
with PFAS concentrations. The highest categories of PFOA,
PFNA, PFDeA, and PFHxS were associated with reduced glu-
cose, vs. the lowest categories (Table 4). PFOS was not associ-
ated with glucose. Continuous PFOA, PFNA, and PFDeA were
also inversely associated with glucose, such that a log-unit
increase in these PFAS was associated with an approximately
2% to 3% reduction in glucose. Continuous PFOA and PFHxS
were associated with higher HDL cholesterol (Table S5). The
highest tertile of PFHxS was associated with lower ln-
triglycerides vs. the lowest tertile. None of the PFAS were associ-
ated with total cholesterol or non-HDL cholesterol (not shown).

We evaluated the potential for maternal circulating nutrients
to mediate the effect of PFAS on offspring weight and adiposity
by first examining pairwise associations between each PFAS
and nutrient (described above), and between each nutrient and

Environmental Health Perspectives 067016-3



neonatal outcomes. Glucose was the only nutrient associated
with PFAS and also associated with fat mass and adiposity in
this cohort, as reported previously (Crume et al. 2015).
Therefore, associations between continuous measures of PFOA,
PFNA, and birth weight and associations between categories of
PFOA, PFNA, PFHxS, and adiposity were examined for poten-
tial mediation by glucose. None of the interaction terms for

PFOA, PFNA, or PFHxS with glucose were significant at
p<0:15.

Results of the mediation analysis of the association
between continuous PFOA and birth weight indicated that
3.0% of the total effect was mediated through maternal glu-
cose concentrations (percent mediated calculated as natural
indirect effect divided by total effect ×100%). Similarly, 2.5%

Table 1. Characteristics of 628 eligible mother–infant pairs in Healthy Start, 2009–2014, and by tertile of maternal serum perfluorooctanoate concentration
(ng/ml).

Study group variables All participants Tertile 1 (0:1–0:8) Tertile 2 (0:9–1:4) Tertile 3 (1:4–17:0)

Age at delivery (years) 27:8± 6:2 28:0± 6:3 26:9± 6:5 28:5± 5:6
16–19 77 (12) 20 (9) 39 (19) 18 (9)
20–24 127 (20) 59 (26) 39 (19) 29 (14)
25–29 152 (24) 46 (21) 44 (22) 62 (31)
30–34 186 (30) 62 (28) 56 (27) 68 (34)
35–39 75 (12) 32 (14) 22 (11) 21 (10)
40–45 11 (2) 5 (2) 4 (2) 2 (1)
Prepregnancy body mass index (kg=m2) 25:8± 6:5 25:9± 6:1 26:3± 6:8 25:2± 6:7
<18:5 18 (3) 6 (3) 8 (4) 4 (2)
18:5–24:9 323 (51) 112 (50) 90 (44) 121 (60)
25:0–29:9 167 (27) 56 (25) 63 (31) 48 (24)
≥30:0 120 (19) 50 (22) 43 (21) 27 (14)

Race/ethnicity n (%)
Non-Hispanic white 349 (56) 97 (43) 104 (51) 148 (74)
Hispanic 144 (23) 63 (28) 58 (28) 23 (12)
Non-Hispanic black 95 (15) 53 (24) 27 (13) 15 (8)
All others 40 (6) 11 (5) 15 (7) 14 (7)
Education n (%)
Less than 12th grade 89 (14) 40 (18) 34 (17) 15 (8)
High school degree or equivalent 111 (18) 46 (21) 34 (17) 31 (16)
Some college or associate’s 139 (22) 52 (23) 56 (27) 31 (16)
Four-year college (bachelor’s) 138 (22) 41 (18) 38 (19) 59 (30)
Graduate degree 151 (24) 45 (20) 42 (21) 64 (32)
Household income n (%)
$20,000 or less 88 (14) 43 (19) 31 (15) 14 (7)
$20,001 to $40,000 80 (13) 29 (13) 33 (16) 18 (9)
$40,001 to $70,000 124 (20) 43 (19) 37 (18) 44 (22)
$70,001 or more 217 (35) 56 (25) 69 (34) 92 (46)
Don’t know 119 (19) 53 (24) 34 (17) 32 (16)
Any previous pregnancies n (%) 395 (63) 182 (81) 121 (59) 92 (46)
Any smoking during pregnancy n (%) 55 (9) 22 (10) 16 (8) 17 (8)
Gestational weight gain (kg) 14:1± 6:3 13:5± 6:8 14:0± 6:2 14:8± 5:9
Fasting glucose (mg/dl) 78:4± 8:8 79:4± 8:4 78:5± 10:2 77:0± 7:6
Fasting total cholesterol (mg/dl)a 212:7± 39:6 209:5± 41:2 213:4± 39:8 215:2± 37:7
Fasting HDL cholesterol (mg/dl)a 63:8± 13:4 62:2± 12:9 64:1± 12:7 65:3± 14:4
Fasting non-HDL cholesterol (mg/dl)a 148:8± 36:0 147:3± 37:7 149:3± 35:9 149:9± 34:5
Fasting triglycerides (mg/dl)a 161:6± 59:4 159:6± 52:2 167:4± 66:9 157:8± 58:3
Cesarean delivery n (%) 132 (21) 41 (18) 48 (24) 43 (22)
Female infant n (%) 299 (48) 103 (46) 92 (45) 104 (52)
Gestational age at birth (days) 277± 8 276± 7 277± 8 279± 8
Infant birth weight (g) 3,297± 420 3,300± 448 3,319± 425 3,271± 383
Infant adiposity at birth (% fat mass)b 9:1± 3:8 9:3± 4:0 9:1± 3:9 8:8± 3:5

Note: Data are shown as Mean±SD or n (%). HDL, high-density lipoprotein; SD, standard deviation.
a30 participants were missing lipid measures during pregnancy.
b24 participants were missing infant adiposity measures at birth.

Table 2. Serum concentrations of perfluoroalkyl substances (ng/ml) among 628 eligible participants in Healthy Start, 2009–2014.

Compound Abbreviation

This study
Geometric mean

(95% CI) among NHANES
females 2011–2012aPercent detected LOD

Percentiles Geometric
mean (95% CI)5th 25th 50th 75th 95th

Perfluorooctanoateb PFOA 100 0.1 0.3 0.7 1.1 1.6 2.7 1.04 (0.99, 1.10) 1.84 (1.68, 2.01)
Perfluorooctane sulfonateb PFOS 99 0.1 0.7 1.5 2.4 3.7 6.7 2.30 (2.17, 2.43) 5.10 (4.70, 5.53)
Perfluorononanoate PFNA 98 0.1 0.2 0.3 0.4 0.6 1.1 0.39 (0.38, 0.41) 0.824 (0.762, 0.890)
Perfluorodecanoate PFDeA 65 0.1 <LOD <LOD 0.1 0.2 0.4 0.14 (0.13, 0.14) 0.193 (0.177, 0.211)
Perfluorohexane sulfonate PFHxS 99 0.1 0.2 0.5 0.8 1.2 2.8 0.75 (0.70, 0.80) 0.989 (0.876, 1.12)

Note: CI, confidence interval; LOD, limit of detection; NHANES, National Health and Nutrition Examination Survey.
aCDC, Fourth National Report on Human Exposure to Environmental Chemicals, updated tables, February 2015 (www.cdc.gov/exposurereport).
bPFOA and PFOS measures are the sum of linear and branched isomers.
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of the effect of continuous PFNA on birth weight was medi-
ated by maternal glucose concentrations. Mediation analysis
of the associations between categories of selected PFAS and
adiposity indicated that 9.2% of the effect of PFOA, 11.6%
of the effect of PFNA, and 10.4% of the effect of PFHxS on
adiposity were mediated by maternal glucose concentrations
(Table S6).

A sensitivity analysis was performed to evaluate the poten-
tial for confounding by other correlated PFAS in single-
exposure models. In a multipollutant model for birth weight fit
by least squares, only continuous PFNA had a significant
inverse association with birth weight; continuous PFOA was
also associated with lower birth weight, but the estimate was
not statistically significantly different from the null. The impre-
cision of this estimate may be related to the fact that the var-
iance inflation factor for PFOA was above 3, indicating possible
multicollinearity (Table S7). In the same model fit by elastic

net, allowing simultaneous variable selection and estimation,
PFOA and PFNA were both inversely associated with birth
weight, and PFDeA was positively associated with birth weight.
In a multipollutant model for adiposity fit by least squares,
PFOA, PFNA, and PFHxS showed nonsignificant inverse associa-
tions with adiposity, and PFOS was positively associated. In the
same model fit by elastic net, PFOA, PFNA, and PFHxS were
inversely associated with adiposity, while PFOS remained posi-
tively associated. Although penalized regression estimates are
known to be biased, these results are presented as complementary
to the single exposure models, in consideration of the fact that
PFAS exposure occurs as mixtures rather than as single pollutants.

Discussion
In an ethnically diverse sample of mother–infant pairs, we found
inverse associations of certain maternal serum PFAS concentrations

Table 3.Maternal serum perfluoroalkyl substances and offspring weight (n=628) and adiposity (n=604) at birth in Healthy Start, 2009–2014.

Concentration
Unadjusted change in birth
weight (g) and 95% CI

Adjusteda change in birth
weight (g) and 95% CI

Unadjusted change in adiposity
(% fat mass) and 95% CI

Adjusteda change in adiposity
(% fat mass) and 95% CI

PFOA (ng/ml)b − 9:9 ð− 59:7, 39:8Þ − 51:4 ð− 97:2, − 5:7Þ − 0:26 ð− 0:72, 0:19Þ − 0:43 ð− 0:91, 0:04Þ
0:1–0:8 Reference Reference Reference Reference
0:9–1:4 18:7 ð− 61:2, 98:7Þ − 15:9 ð− 84:9, 53:2Þ − 0:20 ð− 0:94, 0:54Þ − 0:34 ð− 1:06, 0:38Þ
1:4–17:0 − 29:5 ð− 109:9, 50:9Þ − 92:4 ð− 166:2, − 18:5Þ − 0:56 ð− 1:30, 0:18Þ − 0:97 ð− 1:74, − 0:20Þ
PFOS (ng/ml)b 1:7 ð− 43:2, 46:7Þ − 13:8 ð− 53:8, 26:3Þ 0:07 ð− 0:34, 0:48Þ 0:08 ð− 0:33, 0:49Þ
<LOD�1:8 Reference Reference Reference Reference
1:8–3:2 − 2:5 ð− 83:8, 78:9Þ − 33:8 ð− 102:8, 35:2Þ 0:30 ð− 0:46, 1:05Þ 0:26 ð− 0:46, 0:98Þ
3:2–15:6 − 43:9 ð− 124:0, 36:3Þ − 71:1 ð− 142:6, 0:5Þ − 0:28 ð− 1:01, 0:46Þ − 0:41 ð− 1:15, 0:33Þ
PFNA (ng/ml)b − 8:4 ð− 61:3, 44:5Þ − 57:6 ð− 104:1, − 11:2Þ − 0:30 ð− 0:78, 0:18Þ − 0:38 ð− 0:86, 0:11Þ
<LOD�0:4 Reference Reference Reference Reference
0:5–6:0 − 41:0 ð− 108:1, 26:1Þ − 92:1 ð− 150:6, − 33:6Þ − 0:76 ð− 1:38, − 0:14Þ − 0:85 ð− 1:46, − 0:24Þ
PFDeA (ng/ml)b 25:7 ð− 30:4, 81:9Þ 11:5 ð− 37:3, 60:4Þ 0:03 ð− 0:49, 0:55Þ 0:06 ð− 0:45, 0:56Þ
≤0:1 Reference Reference Reference Reference
0:2–3:5 16:8 ð− 50:8, 84:5Þ 0:4 ð− 58:4, 59:1Þ − 0:13 ð− 0:76, 0:49Þ − 0:16 ð− 0:77, 0:45Þ
PFHxS (ng/ml)b 8:3 ð− 32:5, 49:1Þ − 13:5 ð− 50:7, 23:7Þ − 0:26 ð− 0:64, 0:11Þ − 0:32 ð− 0:70, 0:07Þ
<LOD�0:5 Reference Reference Reference Reference
0:6–1:0 78:0 ð− 1:7, 157:7Þ 32:9 ð− 36:3, 102:0Þ 0:35 ð− 0:38, 1:08Þ 0:12 ð− 0:59, 0:83Þ
1:1–10:9 6:5 ð− 74:5, 87:6Þ − 31:8 ð− 105:8, 42:2Þ − 0:87 ð− 1:61, − 0:12Þ − 0:99 ð− 1:75, − 0:23Þ

Note: CI, confidence interval; PFDeA, perfluorodecanoate; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate; PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfo-
nate; LOD, limit of detection. LOD was 0.1 ng/ml for all PFAS.
aAdjusted for maternal age, prepregnancy body mass index (BMI), race/ethnicity, education, gestational weight gain, smoking during pregnancy, gravidity, gestational age at blood
draw, infant sex, and gestational age at birth.
bBeta coefficients per natural log unit increase in each perfluoroalkyl substance, and for upper categories compared to the lowest. PFOA and PFOS measures are the sum of linear and
branched isomers.

Table 4.Maternal serum perfluoroalkyl substances and fasting glucose among 628 eligible participants in Healthy Start, 2009–2014.

Concentration Unadjusted change in ln-glucose and 95% CI Adjusteda change in ln-glucose and 95% CI

PFOA (ng/ml)b − 0:021 ð− 0:033, − 0:008Þ − 0:018 ð− 0:031, − 0:005Þ
0:1–0:8 Reference Reference
0:9–1:4 − 0:012 ð− 0:032, 0:008Þ − 0:014 ð− 0:034, 0:006Þ
1:4–17:0 − 0:029 ð− 0:049, − 0:009Þ − 0:025 ð− 0:046, − 0:004Þ
PFOS (ng/ml)b − 0:017 ð− 0:028, − 0:006Þ − 0:009 ð− 0:020, 0:003Þ
<LOD�1:8 Reference Reference
1:8–3:2 0:005 ð− 0:015, 0:025Þ 0:011 ð− 0:009, 0:030Þ
3:2–15:6 − 0:021 ð− 0:041, − 0:001Þ − 0:009 ð− 0:029, 0:011Þ
PFNA (ng/ml)b − 0:019 ð− 0:032, − 0:006Þ − 0:017 ð− 0:030, − 0:004Þ
<LOD�0:4 Reference Reference
0:5–6:0 − 0:029 ð− 0:045, − 0:012Þ − 0:025 ð− 0:042, − 0:009Þ
PFDeA (ng/ml)b − 0:030 ð− 0:043, − 0:016Þ − 0:027 ð− 0:041, − 0:014Þ
≤0:1 Reference Reference
0:2–3:5 − 0:027 ð− 0:044, − 0:011Þ − 0:024 ð− 0:041, − 0:007Þ
PFHxS (ng/ml)b − 0:016 ð− 0:026, − 0:006Þ − 0:011 ð− 0:021, 0:000Þ
<LOD�0:5 Reference Reference
0:6–1:0 − 0:011 ð− 0:031, 0:009Þ − 0:009 ð− 0:029, 0:010Þ
1:1–10:9 − 0:034 ð− 0:055, − 0:014Þ − 0:023 ð− 0:044, − 0:002Þ

Note: Glucose modeled as a natural log–transformed variable. CI, confidence interval; PFDeA, perfluorodecanoate; PFHxS, perfluorohexane sulfonate; PFNA, perfluorononanoate;
PFOA, perfluorooctanoate; PFOS, perfluorooctane sulfonate; LOD, limit of detection. LOD was 0.1 ng/ml for all PFAS.
aAdjusted for maternal age, prepregnancy body mass index (BMI), race/ethnicity, education, smoking during pregnancy, gravidity, and gestational age at blood draw.
bBeta coefficients per natural log unit increase in each perfluoroalkyl substance, and for upper categories compared to the lowest. PFOA and PFOS measures are the sum of linear and
branched isomers.
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with offspring weight and adiposity at birth. We also observed
inverse associations between some PFAS and maternal fasting
glucose concentrations at mid-pregnancy, suggesting that reduced
availability of maternal glucose reaching the fetus could be a
potential pathway linking PFAS exposure to reduced infant
weight and adiposity at birth. However, only a small proportion
of the effect of maternal PFAS concentrations on offspring birth
weight and adiposity was mediated through maternal glucose
concentrations, if assumptions for causal interpretation are
met.

Several recent epidemiologic studies have reported inverse
associations between certain PFAS and birth weight (Bach
et al. 2015b; Darrow et al. 2013; de Cock et al. 2016; Fei et al.
2007; Kishi et al. 2015; Maisonet et al. 2012; Wang et al.
2016; Whitworth et al. 2012), although not all estimates have
been statistically significant. Two recent systematic reviews of
epidemiologic evidence independently concluded that lower
birth weight is associated with higher PFOA concentrations
during pregnancy (Bach et al. 2015a; Johnson et al. 2014). One
of these reviews employed the Navigation Guide methodology
to evaluate the strength and quality of the evidence (Johnson
et al. 2014), and results were used in an integrated assessment
of evidence from animal and human studies to conclude that
PFOA is “known to be toxic” to reproduction and development
in humans (Lam et al. 2014). Our results are in agreement with
previous findings of an inverse association between PFOA and
birth weight, and provide additional evidence for an inverse
association between PFNA and birth weight. While some previ-
ous studies reported effect modification by offspring sex (de
Cock et al. 2016; Kishi et al. 2015; Wang et al. 2016), we
found no evidence that associations between PFAS and birth
weight or adiposity differed by sex.

To our knowledge, this is the first study reporting associations
of maternal PFAS concentrations with offspring body composi-
tion at birth. We found that the highest categories of maternal
PFOA, PFNA, and PFHxS were associated with lower offspring
adiposity, corresponding to an approximate 10% reduction from
the highest to lowest concentration categories, given the mean ad-
iposity at birth of 9.1% fat mass in this population. Adiposity at
birth is believed to be sensitive to adverse in utero exposures and
may serve to predict future obesity risk more accurately than
birth weight (Catalano et al. 2009).

Previous studies (Catalano et al. 2003; HAPO Study
Cooperative Research Group 2009), including data from Healthy
Start (Crume et al. 2015), have identified maternal fasting glu-
cose during pregnancy as a predictor of offspring adiposity, inde-
pendent of maternal prepregnancy BMI. We found inverse
associations between multiple PFAS and maternal fasting glu-
cose. We therefore explored the possibility that certain PFAS led
to lower adiposity and weight at birth through the mediator of
maternal glucose. The results of our mediation analysis suggest
that a small percentage (2:5–3:0%) of the effect of PFAS on birth
weight is mediated through maternal glucose. However, a slightly
larger percentage (9:2–11:6%) of the effect of PFAS on adiposity
may be mediated through reductions in maternal glucose. The
complete mechanism by which prenatal PFAS exposure may lead
to reduced offspring birth weight and adiposity remains
unknown, but our results suggest that reduced maternal circulat-
ing glucose during pregnancy may explain part of this observed
association.

Evidence from animal and in vitro studies supports the role of
PFAS in altered glucose metabolism. In mice, exposure to PFOA
produced reductions in blood glucose without changes in food
intake (Ngo et al. 2014), greater insulin sensitivity and reduced
hepatic glycogen synthesis (Yan et al. 2015), and changes in

expression of genes associated with glucose metabolism (Abbott
et al. 2012; Rosen et al. 2007). Observational studies in humans
have produced inconsistent results. Three studies have examined
PFAS concentrations and glucose-related outcomes in pregnant
women. One study within a Canadian birth cohort with PFAS
measured in early pregnancy reported no associations between
PFOA or PFOS and impaired glucose tolerance or gestational di-
abetes, but elevated risk in the second quartile of PFHxS concen-
tration only (Shapiro et al. 2016). Another study measured PFAS
in U.S. women prior to conception and found positive associa-
tions with gestational diabetes for PFOA but none of the other six
PFAS evaluated (Zhang et al. 2015). One other study among
Chinese pregnant women reported a significant positive cross-
sectional correlation with glucose for only one (perfluoroundeca-
noate) of the 17 PFAS examined; no covariate adjustment was
performed (Jiang et al. 2014).

Among nonpregnant individuals, one study using data from
the U.S. National Health and Nutrition Examination Survey
(NHANES) 1999–2000 and 2003–2004 reported that serum
PFNA was associated with lower blood insulin and decreased
beta cell function in adolescents, while PFOS and PFOA were
associated with higher blood insulin and increased beta cell func-
tion in adults, with no overall association with blood glucose (Lin
et al. 2009). A separate study using only 2003–2004 NHANES
data found no overall associations between PFOS, PFOA, PFNA,
or PFHxS and insulin resistance (HOMA-IR), although the upper
quartiles of PFOA and PFHxS concentrations were associated
with lower HOMA-IR in adolescent females only, and the highest
quartile of PFNA was associated with greater HOMA-IR in adult
females only (Nelson et al. 2010). In a study of nonpregnant
adults in Taiwan, greater serum PFOA concentrations were asso-
ciated with lower fasting blood glucose, while individuals in the
highest quartile of PFOS concentrations had higher fasting blood
glucose compared to those in the lowest quartile (Su et al. 2016).
Finally, a study of Canadian nonpregnant adults reported no sig-
nificant associations between PFOA, PFOS, or PFHxS and fast-
ing glucose or insulin (Fisher et al. 2013). Associations between
PFAS concentrations and glucose metabolism therefore may vary
according to the specific PFAS studied, as well as potentially by
differences in population characteristics (e.g., pregnant vs. non-
pregnant, sex, age, race/ethnicity, and geographic differences)
and in covariate adjustment.

Mediation results should be interpreted with caution, as strong
assumptions are required to allow causal interpretation of these
findings. Specifically, causal interpretation requires no unmeas-
ured confounders of the association between the main exposure
and outcome, and also no unmeasured confounders of the expo-
sure–mediator association and of the mediator–outcome associa-
tion (VanderWeele 2016). While we can never be certain these
conditions are met in an observational study, we have adjusted
for known strong (nongenetic) predictors of maternal glucose and
of birth weight and body composition, including maternal pre-
pregnancy BMI, gravidity, gestational weight gain, smoking,
infant sex, and gestational age at birth. There may be shared
genetic influences on maternal circulating nutrients and offspring
weight and body composition at birth; however, we do not expect
these factors to be strongly associated with PFAS concentrations,
so they are unlikely to act as exposure–mediator or exposure–out-
come confounders.

Our findings on the associations of PFAS with maternal
nutrients other than glucose were more equivocal. The highest
tertile of PFHxS, but no other PFAS, was inversely associated
with triglycerides. A recent study in Japan examining PFOS and
PFOA reported an inverse association of PFOS with triglycerides
during pregnancy (Kishi et al. 2015). The study in Japan analyzed
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samples collected in 2002–2005 and reported a median PFOS
concentration of 5.6 ng/ml, while our samples were collected in
2009–2014 and had a median PFOS concentration of 2.4 ng/ml.
In contrast with some previous studies among pregnant women
(Skuladottir et al. 2015; Starling et al. 2014), we found no associ-
ation between PFAS concentrations and total cholesterol.
Concentrations of certain PFAS, particularly PFOS, have gener-
ally declined over the last decade in the United States and else-
where (Glynn et al. 2012; Kato et al. 2011b; Toms et al. 2014). It
is therefore possible that PFOS may be associated with the out-
comes studied at concentrations higher than we observed. All
PFAS concentrations in our study were somewhat lower than
those of females from the U.S. general population. The reasons
for this difference are not obvious, but it is notable that the U.S.
mean values also include regions with historical PFAS produc-
tion where the general population was exposed via industrial
emissions and contamination of drinking water (Braun et al.
2016; Pinney et al. 2014; Steenland et al. 2009). It remains diffi-
cult to predict where populations may experience such exposure,
in part due to the fact that reporting of PFAS emissions have not
been required on the U.S. Environmental Protection Agency’s
Toxics Release Inventory (U.S. EPA 2016).

We performed a sensitivity analysis to examine the potential
for confounding by other correlated PFAS in single-exposure
models. All five PFAS were included in multipollutant regression
models fit by least squares for each of the primary outcomes:
birth weight and adiposity at birth. Given the moderate to high
pairwise correlations between PFAS concentrations, we expected
that these estimates would be potentially unreliable due to colli-
nearity of predictors. We therefore also fit elastic net shrinkage
models to provide greater stability and to identify which of the
set of PFAS were most important predictors of each outcome.
While shrinkage approaches produce biased estimates, they
may be useful for selecting important variables from a set of
correlated predictors (Greenland 2008; Sun et al. 2013). The
multipollutant models fit by elastic net supported the inverse
associations between PFOA and PFNA and birth weight, and
between PFOA, PFNA, and PFHxS and adiposity at birth.
These models also indicated potential positive associations
between PFDeA and birth weight, and between PFOS and adi-
posity at birth. The results for PFDeA should be interpreted
cautiously, given the limited variability of PFDeA in our popu-
lation; however, the association with PFOS may merit further
investigation and replication.

We used a single serum measurement of PFAS to estimate ex-
posure. Given the relatively long half-lives of PFAS documented
in nonpregnant individuals (e.g., 3.5 years for PFOA) (Olsen
et al. 2007), a single measurement is likely to provide a reasona-
ble estimate of long-term exposure. Other potential limitations of
this study include restriction to term births, so results may not be
generalizable to preterm infants. Finally, due to the number of
statistical analyses performed, some results may have attained
significance due to chance. Strengths of the study include the rel-
atively large sample size from an ethnically diverse population
and high quality measures of adiposity at birth.

The magnitudes of the associations between prenatal PFAS
exposure and offspring birth weight and adiposity may be consid-
erable at the population level. Small-for-gestational-age birth
weight is associated with adverse cognitive, behavioral, and met-
abolic health outcomes (de Bie et al. 2010; Heinonen et al. 2010;
Saenger et al. 2007). Infants with lower weight at birth may expe-
rience rapid “catch-up growth” in the first year of life, and rapid
growth in infancy is associated with greater BMI in childhood
and adulthood (Bjerregaard et al. 2014; Ong et al. 2000).
Therefore, an inverse association between prenatal PFAS

exposure and birth weight and adiposity does not rule out the pos-
sibility that PFAS may act as obesogens in humans.

Some recent studies have reported positive associations
between prenatal exposure to PFAS, particularly PFOA, and off-
spring weight or adiposity in childhood or early adulthood
(Braun et al. 2016; Halldorsson et al. 2012; Høyer et al. 2015;
Mora et al. 2017). Some of these studies reported stronger associ-
ations in female offspring; for example, Halldorsson et al. (2012)
reported greater risk of overweight and obesity in females but not
males born to mothers with higher prenatal concentrations of
PFOA, Mora et al. (2017) found that higher prenatal concentra-
tions of PFAS were associated with multiple measures of adipos-
ity in mid-childhood in girls only, and Høyer et al. (2015) found
associations between prenatal PFOA and PFOS and offspring
waist-to-height ratio at age 5–9 years old that were stronger in
girls than in boys. By contrast, Braun et al. (2016) found higher
adiposity at age 8 among offspring of women in the second tertile
of PFOA concentrations compared to the first, and effects were
not modified by offspring sex. While we observed no sex-specific
associations at birth, it is possible that male and female infants
experience different growth patterns in early life following prena-
tal PFAS exposure. In support of the hypothesis that smaller size
at birth may be followed by rapid growth, a study of British girls
showed that the offspring of mothers with greater prenatal PFOS
concentrations had lower weight at birth but greater weight at 20
months, after adjustment for birth weight (Maisonet et al. 2012).

Conclusions
Prenatal exposures to certain PFAS were inversely associated with
offspring weight and adiposity at birth in an ethnically diverse con-
venience sample from a Colorado prospective cohort. Some PFAS
were inversely associated with maternal fasting glucose at mid-
pregnancy; however, only a small proportion of the effect of PFAS
concentration on birth weight and adiposity appeared to be medi-
ated through maternal glucose. Because both large and small birth
size have been associated with increased risk of obesity and meta-
bolic disease later in life, follow-up of offspringwould be needed to
determine the potential long-term effects of prenatal PFAS expo-
sure on chronic disease risk in the general population.
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